Western European summers become more continental in simulations for the 21st century.
Introduction
Many studies on the impact of greenhouse warming on European summer conditions have focused on the heat budget and the hydrological cycle. Most of these [e.g. Sterl et al. 2008 , Stott et al. 2004 , Schär et al. 2004 , Fischer et al. 2007 ] point towards a hotter and more arid climate with a larger number of long lasting heat waves due to a positive feedback between drier soils and surface air temperatures (SAT).
Changes in atmospheric circulation have received less attention. The multi-model response of CMIP3 [Meehl et al, 2007] as discussed in the Fourth Assessment Report Ulden and Oldenborgh, 2006] . These easterly winds enhance the warming and drying over Central Europe. Using statistical analyses and additional climate model simulations we demonstrate that the decrease of MSLP can be understood as a large-scale heat low response to the drying and enhanced warming of that area.
Models
For the analysis of the change in the summer circulation over Europe we have used the output of two climate models: the ECHAM5/OMI model used in the ensemble experiment ESSENCE [Sterl et al. 2008] 
ESSENCE
In ESSENCE seventeen model integrations between 1950 and 2100 were carried out at a resolution of T63L31 using slightly perturbed initial atmospheric conditions. For 1950-2000 the concentrations of greenhouse gases (GHG) and tropospheric sulfate aerosols are specified from observations, while for 2001-2100 they follow the SRES A1b scenario.
Stratospheric aerosols from volcanic eruptions are not taken into account and the solar constant is fixed. The runs are initialized from a long run in which historical GHG concentrations have been used until 1950 [Sterl et al. 2008] . The data was analyzed for 1971-2000 and 2071-2100 which will be denoted henceforth as present and future.
ECMWF
The ECMWF model was run at resolution T95L40. Time slice experiments were made for the present and future (2071-2100) climate. These experiments consisted of ensembles of 5 runs of 10 year duration starting from different atmospheric initial conditions. In the analysis the first year was neglected, resulting in 45 years of data for each period. For the present climate observed climatological sea surface temperatures (SST), sea-ice, tropospheric sulfate aerosols and GHG concentrations were prescribed. Figure 1 , panels a and b displays the ensemble mean change in MSLP during June-August (JJA) for ESSENCE and ECMWF. Both models simulate increased surface pressure over the British Isles and lower pressure over Southern Europe and the Mediterranean area. This change in the pressure distribution is similar to the CMIP3 multi-model response displayed in AR4 (Fig. 10.9 ) and induces an increased easterly flow over Central Europe. This is clearly seen in Fig. 1 , panels g and h, showing an increase of days with easterly flow .
Results

Changes in summer circulation caused by greenhouse warming
The vertical structure of the height field (Fig. 1 , panels e and f), zonally averaged over the European sector, shows that the low has its maximum at the surface and extends to about 800 hPa, whereas the high over the British Isles extends vertically over the entire troposphere with a tilt towards the south. These results suggests that the Mediterranean low is not the result of a change in the planetary wave structure, which we would expect to be equivalent barotropic, but due to a change in surface forcing.
Both models simulate a relatively large increase in land SAT in the Mediterranean area ( Fig. 1 , panels c and d). Compared to Northern Europe and the Atlantic the relative increase in SAT is about 3 °C. These diagnostics suggest that the low pressure response over the Mediterranean area can be understood as a heat low response to the enhanced warming. In an earlier study addressing the Sahel rainfall Haarsma et al. [2005] demonstrated that enhanced heating of Northern Africa leads to a heat low response over the Sahara.
The enhanced warming over the Mediterranean area is confined to the land areas.
Above sea the surface warming is moderate, but above 925 hPa (not shown) a rather uniform enhanced warming over the entire Mediterranean area is simulated. This uniform warming is caused by the advection of warm land air masses to the sea, partly by the land-sea breezes and by the adiabatic warming due to subsidence over the sea. The warming is confined to the lower troposphere. We therefore expect that a heat low mechanism operates for the entire Mediterranean area notwithstanding the relatively cool Mediterranean Sea.
Intraseasonal time scales
We first tested the Mediterranean heat low hypothesis and its relation to dry soils on intra-seasonal time scales using monthly mean ESSENCE data. A lagged Singular Value Decomposition (SVD) analysis is applied, which is designed to find spatial patterns of (lagged) fields with a maximum covariation [Bretherton et al. 1992 Soils in JA are drier due to persistence and less rainfall (Fig. 2e) indicating a positive feedback. The largest signal in rainfall, however, is not seen over the areas with the largest reduction in evaporation, but over central and eastern Europe where the largest gradient in MSLP is located (Fig. 2b) . This suggests that there the rainfall reduction is mainly due to the enhanced easterly winds that block the inflow of moist maritime air from the Atlantic. Vautard et al. [2007] noted a northward propagation of dry conditions during hot summers and explained this by the northward transport of anomalously warm and dry air from Southern Europe during southerly wind episodes. By comparing the change in precipitation found during predominantly northerly and southerly wind conditions we confirmed his results for ESSENCE and ECMWF (not shown). Our results indicate, moreover, that the heat low response, blocking the inflow of moist maritime air is an additional mechanism for the northward expansion of dry conditions. Vautard et al [2007] also noted that hot summers tend to be preceded by winter rainfall deficits over Southern Europe. Also the ESSENCE data indicate that dry soil conditions in June tend to be preceded by low rainfall amounts in January-May (Fig. 2f) .
Mediterranean heating experiment
To check whether enhanced heating of the Mediterranean area generates lower pressures similar to observed in the simulations for the future climate, we The simulated increase in SAT during summer is 2-3 ºC (Fig. 3a) , similar to the ECMWF and ESSENCE climate change results (Fig. 1, panels a and b) . In response to this lower tropospheric warming a Mediterranean heat low of about 1-1.5 hPa develops (Fig. 3b) , resulting in an increase of days with easterly winds over Central Europe (Fig.   3c ). The increase is less than in Fig. 1g because of the absence of the high above the British Isles. The heat low is connected to rising air and a baroclinic response in the upper troposphere, similar as noted by Fisher et al. [2007] . The anomalous upper air divergence that accompanies the anomalous rising motion generates a Rossby wave train with an equivalent barotropic response. The structure of this wave train over Europe is seen in Fig. 3c north of 50° N. Although this response has some similarities with the climate change response (Fig. 1e) it is substantially different. This is because the structure of this wave train is also affected by other remote causes like for instance the change in tropical SST.
Causes of enhanced SAT over the Mediterranean area in the greenhouse warming experiments
The relatively large increase of SAT over the Mediterranean area is related to the depletion of soil moisture resulting in a strong decrease in latent heat flux. The decrease in latent heat flux, especially along the north coast of the Mediterranean sea, is clearly seen in Fig. 4a . It seems large enough (10-20 W m -2 ) to explain the relative SAT increase . The change in surface solar radiation is small in this area (Fig. 4e) . The drying is not confined to the Mediterranean area; in fact Fig. 4b shows that the largest drying occurs in western and central Europe. The drying, however, most strongly reduces the latent heat flux and increases the SAT in the Mediterranean area because of the semi-arid conditions with low WS values of about of 0.2. A further reduction of WS in this region has a large impact on evaporation due to the non-linear dependence of evaporation on WS.
Over central Europe there is a widespread increase in subsidence (Fig. 4d) resulting in a reduction of cloud cover, precipitation (Fig. 4c) and an increase of surface solar radiation (Fig. 4e) . Here the solar radiation increase is an important warming term in the surface heat balance that is partly offset by an increased latent heat flux. Over the Mediterranean area the development of a heat low decreases the subsidence, but it remains an area dominated by large-scale subsidence with clear skies and little precipitation.
Causes of drier European soils
Both increasing evaporation and decreasing precipitation cause local drying of the soil. The rate of evaporation is proportional to the vertical gradient of specific humidity at the surface. In a warming world this gradient increases, when all else stays the same, due to the nonlinearity of the Clausius Clapeyron relation. So, as long as soil moisture is available, a stronger evaporation can be expected, contributing to the drying of the soil.
In regions of low relative humidity and subsidence like the Mediterranean area this enhanced evaporation is not compensated by increased rainfall. In central Europe the drying is enhanced by the increased subsidence resulting in a reduction of rainfall (Fig.   4c ).
The increased subsidence over Europe is the result of the north-eastward extension of the climatological subtropical anticyclone over the Atlantic. This appears to be related to the widening of the Hadley circulation [Seager et al. 2007] and to the subsequent northward shift of the storm tracks especially over the eastern part of the Atlantic and Europe. For the winter season this is documented for the ESSENCE model by Pinto et al. [2007] . A similar shift is also simulated by the ECMWF model (not shown). The northward shift of the storm tracks in March-May results in a reduction of the rainfall in the western Mediterranean area (Fig. 4f) . The results of ESSENCE (Fig. 2) demonstrated that on seasonal time scales reduced winter-spring rainfall results in enhanced summer drying. Similarly reduced winter-spring rainfall caused by greenhouse warming also increases the summer drying.
Discussion
Using the ESSENCE data set a relationship has been detected between the depletion of soil moisture in early summer and the development of a heat low over the The connection between drier soils and higher SAT in response to greenhouse warming appears to be a robust mechanism [Vautard et al. 2007, Rowell and Jones 2006] .
In addition, the development of a heat low at the surface in response to drier soils and higher SAT is also confirmed in various studies [Ferranti and Viterbo 2006, Fischer et al 2007] . Here we show that the combination of these two mechanisms results in the development of a heat low over the Mediterranean area that appears to be the dominant climate response in MSLP over that region. Our results are consistent with Hoinka et al.
[2007] who noted an intensification of the Iberian heat low in response to greenhouse warming. 
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